Conscious perception of emotional valence of faces has been proposed to involve topdown and bottom-up information processing. Yet, the underlying neuronal mechanisms of these two processes and the implementation of their cooperation is still unclear. We hypothesized that the networks activated during the interaction of top-down and bottomup processes are the key substrates responsible for perception. We assessed the participation of neural networks involved in conscious perception of emotional stimuli near the perceptual threshold using a visual-backward-masking paradigm in 12 healthy individuals using magnetoencephalography. Providing visual stimulation near the perceptual threshold enabled us to compare correctly and incorrectly recognized facial emotions and assess differences in top-down modulation for these stimuli using coherence analysis. We found a fronto-parietal network oscillating in the lower gamma band and exerting top-down control as determined by the causality measure of phase slope index. We demonstrated that correct recognition of facial emotions involved highbeta and low-gamma activity in parietal networks, Incorrect recognition was associated with enhanced coupling in the gamma band between left frontal and right parietal regions.
Introduction
Growing evidence hints towards the integration of bottom-up, sensory driven signals and top-down mediated cognitive control playing a vital role in the perception of emotional stimuli (Breitmeyer and others 2006; Ghazanfar and Schroeder ; Green and others 2006; Park and Friston 2013) . Bottom-up processes that comprise various low-level processes.
e.g., visual feature extraction of color, shape, size and orientation (McCarthy and Warrington 2013) , characterize the emotion-relevant aspects (emotion-as-stimulusproperty) of the presented stimuli (Brozoski and others 1979; Northoff and others 2006) .
Mapping of neural correlates of the bottom-up processes suggests the active participation of amygdala and hypothalamus in addition to the visual system that encode the affective properties of the presented visual emotional stimuli (McRae and others 2012; Ochsner and others 2009). Visual pathways also contribute to the bottom-up processing via the ventral portion of the striatum, hypothalamic and brain stem nuclei update changes in information such as mismatch, disruption of information flow (Adolphs 2002; Dosenbach and others 2008) . Thus, the function of the bottom-up processing comprises reception, registration, awareness of the visual information, and eventually updating if there is any change in the registered information. Top-down processes come into play at the level of processing of the emotional stimulus content (Engel and others 2001; Sarter and others 2001) . It is currently understood that although emotional stimuli are registered in the brain by the bottom up processes, the emotional meaning of the stimuli results from top-down processes (Awh and others 2012; Chiesa and others 2013; Mechelli and others 2004; Ochsner and others 2004; Sarter and others 2001) . The top-down generation of the emotional response is based on the integration of affective properties and situationalcues (past experience, skill and memory) thus enabling an individual to comprehend the occurrence of a stimulus with emotional properties (Bar and others 2006) .
The mechanisms involved in top-down processing of the registered affective properties suggests the formation of recurrent long-distance interactions (Dehaene and others 1998; Dehaene and Naccache 2001; Tononi and others 1998) . These interactions involve thalamo-cortical loops, especially activating the prefrontal cortex and higher cortical areas that are inundated by self-amplifying reverberance of network activity. In addition to the above described mechanism, it has also been suggested that attaining a consciously reportable state involves the broadcasting of the affective properties to many functionally specialized brain regions, including those for verbal or motor report (McRae and others 2012; Zanto and others 2011) . This broadcasting is performed in a selective way and might adopt re-routing and/or bypassing certain networks and avoiding the visual cortical network (Pessoa and Adolphs 2010) . Processing of emotional stimuli in the brain involves rapid modulations of top-down processes to initiate appropriate behavioural outcomes. A plethora of studies suggest that there are two different networks enhancing the top-down mediation of processing an emotional stimulus: fronto-parietal and cingulo-opercular networks. Fronto-parietal networks have been suggested to initiate and adjust the control of the information propagation while the cingulo-opercular networks maintain information until they are over-written or disturbed by another information whichever appears earlier in time (Dosenbach and others 2008) .
Top-down processing has been extensively studied using visual backward masking (ViBM) tasks (Dehaene and others 2006; Del Cul and others 2006) . In the ViBM paradigm, a prime stimulus is flashed for a brief period (e.f., 16.7 ms) followed by a masking stimulus after a predefined temporal delay. The prime stimulus is not consciously correctly recognized until the temporal delay between the prime and mask exceeds the perceptual threshold of the participant. When the temporal delay between the prime and mask stimuli does not exceed the perceptual threshold information about the prime stimulus can still propagate through the bottom-up processors but will be unable to initiate the subsequent top-down processes, because the propagation of the prime stimulus to conscious processing is disturbed or disrupted by the following mask stimulus and thus will not be supported by the reverberant self-amplifying loops. This defined role of the reverberant self-amplifying fronto-parietal loops are the basis for the global neuronal workspace model (Dehaene and Changeux 2003; Dehaene and others 1998; Dehaene and Naccache 2001; Ramachandran and Cobb 1995) .
Any behavioral outcome of top-down and/or bottom up processes results from the coordinated activity in disparate brain regions and specialized networks. This coordinated activity is assumed to be reflected in synchronized activity between distributed brain regions. Neural synchronization is studied by simultaneously measuring the activity from different locations, and assessing if activities at these locations change in a correlated manner. The strength and polarity of the phase synchrony of the oscillatory activity can be interpreted as a proxy for the underlying local neural synchrony, and changes of phase differences between signals analyzed as a function of the frequencies that index the Vorberg and others 2003) . Previous work has shown that fronto-parietal networks are involved in the perception of the emotion (Blonder and others 1991; Van Rijn and others 2005) , but it is unclear whether the interaction is realized through neuronal oscillatory synchronization or by any other process. Given that top-down processes rely on neuronal synchronization, the direction of information flow becomes relevant: does the synchronization directly reflect top-down information flow, or does it rather reveal the relaying of information to frontal and prefrontal brain regions, or both? We believe that the direction of information flow is crucial for the understanding of the interaction between top-down and bottom-up processes.
In our study, we hypothesize that oscillatory synchronization of long range neural networks is the mechanism by which the emotional content of a stimulus is consciously detected. To rule out any interference from low-level stimulus features we wanted to compare the neural synchronization near the perceptual threshold, i. e., for a temporal delay that results in 70.7% performance level of correct recognition of the emotional face expressions (Leek 2001a; Levitt 1971; Levitt 1992) .
To study the long-range network connections involved in the perception of the emotional stimuli, we have chosen a hierarchical approach particularly focusing on the frontoparietal network on a rough spatial scale by defining 4 parcels, i. e., left and right frontal and parietal cortex. In the post-hoc analysis, we have characterized the within and between parcel networks in more detail, by identifying the relevant nodes (brain regions) and edges (strength of functional coupling operationalized as the imaginary part of the coherence) as well as the direction of information flow using phase slope index (PSI) (Nolte and others 2004; Nolte and others 2008a) . We then compare the differences in the quantitative strength of the activated brain networks below and above the percetual threshold for processing emotional stimuli using graph theoretic measures.
Materials and Methods

Participants
Twelve healthy subjects (M±SD=25.5±3.5years, 7 females and 5 males) with normal or corrected-to-normal vision participated in the study. None of the participants had a history of neurological or psychiatric disorders. The study was approved by the local ethical committee of the faculty of medicine, University of Tübingen, Germany. A written informed consent in accordance with the Declaration of Helsinki (Carlson and others 2004) was obtained from all subjects prior to the experiment. All subjects received monetary compensation of 10 Euros/hour for their participation.
Design and Procedure
The experiment consisted of 5 identical runs with each run containing 80 trials and lasting for 8 min, each. A ViBM paradigm was used to manipulate the detectability of the facial emotions by varying the delay between a briefly presented face stimulus and a subsequent mask. We used the adaptive method for choosing the delay for the next trial dependent on the response of the current trial to visually stimulate participants at the threshold for perceiving emotional face expressions. Stimulating near the threshold provides a comparable number of trials with correctly and incorrectly recognized emotional face expressions with identical physical stimulus properties. To study the cortical networks necessary for correctly identifying emotional face expression, brain oscillatory activities were recorded using a whole head MEG. (Delay *: 0.0 ms, 16.7 ms, 33.3 ms, 50.0 ms, 66.7 ms, 83.3 ms, 100.0 ms, 116.7 ms, 133.3 ms, and 150.0 ms.) In our ViBM paradigm, an emotional face either with a positive or negative emotional expression was presented briefly as the prime stimulus (16.7ms), followed by a variable delay (in the range of 0-150ms), and an emotionally neutral mask (250ms) (Fig 1) .
Evidently, the correct perception of the face expression becomes easier with increasing delays. Each trial started with the presentation of a fixation cross in the middle of the presentation screen. The fixation cross was flashed for 2 sec. Then the prime stimulus (either a happy or sad face) was presented for 16.7 ms ( ). The emotional faces were presented in pseudo-random manner across trials. The prime stimulus was followed by a mask stimulus after a variable delay. The delay between the prime and the mask stimuli (tdelay) could be either 0 ms, 16. the left button for positive and the right one for negative judgements. To minimize any response bias, the two types of cues varied randomly from trial to trial. All participants were requested to respond in each trial and even guess when they were not sure about the valence of the prime face. The response terminated the trial, and the next trial followed thereon. The response interval during which responses were accepted lasted no longer than 2100 ms. The maximum duration of a single trial was 4.5 sec and the inter-trial interval was 5 sec.
To stimulate at the NPT, we used an adaptive procedure (AM) (Leek 2001b; Treutwein 1995) . In the AM, the temporal delay between prime and the mask of the next trial is determined based on the stimuli and responses of previous trials. In the AM of our experiment we implemented the 'two-down-one-up' rule (TDOU). The rule implies that after any two correct responses the temporal delay between prime and mask becomes shorter by one frame (16.7ms), thus making the task of detecting the emotional expression of the prime face stimulus more difficult. Notably, the two correct responses do not need to be in a row. When the participant responds with an incorrect answer, the temporal delay between the prime and the mask is immediately increased by one frame (16.7ms), thus easing the task in the next trial. Assuming a stationary threshold, the temporal delay is expected to asymptotically reach the threshold for detecting emotional face expressions. This rule converges towards a threshold performance of 66.7% correct.
MEG Recording and Stimuli
MEG (CTF System Inc, Vancouver, Canada) data was acquired using a whole-head 275-axial gradiometer system with a baseline of 5 cm. The MEG is in a shielded room (VaccumSchmelze, Hanau Germany) at the University Clinic of Tübingen, Germany. 
MEG data Analysis
Neuromagnetic data were analyzed using in-house MATLAB scripts (MATLAB 2017a) and fieldtrip functions (Oostenveld and others 2011) . Data visualization was performed using the BrainNet visualization toolbox (Xia and others 2013) . The analysis comprised of the following steps ( Fig. 2) :
a) Data pre-processing and Artifact removal
Cleaning of the MEG data involved demeaning, detrending, 50 Hz line noise removal and high pass filtering (1 Hz). Magnetic brain data were then inspected visually and trials with large variance across channels and samples (2.5x10 -25 ), and abnormal amplitudes were discarded from further analysis. Furthermore, trials containing muscle artifacts indicated by strong broad-band activity, squid jumps, and other non-stereotypical sources were removed. MEG channels with a noise level > 10 fT were excluded from the analysis. Eliminated trials in the MEG artifact rejection were also excluded from the analysis of the motor response.
Furthermore, independent component analysis (ICA) was used to remove the contaminating ocular (eye movements, eye blinks) and cardiac artifacts. The ICA using the infomax ICA algorithm (Amari and others 1997; Bell and Sejnowski 1995) decomposed the preprocessed and cleaned data into 100 components. The topography and the waveform of all components were plotted and visually inspected. The components containing eyeblink, eye-movement as well as heart beat and muscular artifacts were removed. From the remaining components, a cleaned MEG signal was reconstructed. Channels containing strong artifacts were marked as bad and excluded from further analyses.
b) Categorization of the data: Correct and In-correct trials
The preprocessed and cleaned data of the NPT-trials were pooled according to the participants' valence ratings into: correct trials (trial in which participants correctly identified the prime face) and incorrect trials (trials in which participants
were not able to identify the correct emotion of the prime). Due to the two-up-one down rule of the adaptive threshold procedure, there were unequal number of trials for correctly identified (66.7% of trials) and incorrectly identified (33.3% of trials)
emotions. We balanced the trial number between conditions by setting it equal to that of the condition with the least number of trials (Nmin), and then by randomly selecting Nmin trials from the condition with the higher number of trials. Frequency analysis was done for the frequency range of 1 to 49 Hz using multi-tapering sliding window fast Fourier transform using discrete prolate spheroidal sequence (DPSS) tapers (Percival and Walden 1993) 
f) Phase slope index
To identify the direction of the information flow within and between different brain parceled areas during the processing of correct and incorrect trials, we studied the phase slope index on 72x72 connectivity matrix. The phase slope index provides information on whether the signal in one brain region is leading or lagging the signal in another region. The polarity of the index will indicate the direction of information flow. We performed post-hoc analysis and estimated the direction of flow of information for correct and incorrect trials for the frequencies identified in the parcellation analysis and for the individual connections followed by sum and paired t-test (Benjamini and Hochberg 1995) .
g) Network Analysis: Graph Theoretic Network Measures
The main advantage of using graph theoretical measures over classical data analysis for MEG and MRI is that the network architecture of the brain is characterized as a comprehensive metric. In our case we used this measure as post-hoc analysis for the results obtained from the cluster-based permutation across different frequencies for the parceled brain. The graph theoretical analysis was based on the absolute value of the imaginary part of coherence stored in the 72 x 72 connectivity matrix. In the network analysis, each of the 72 brain regions is treated as a node and the strength of coupling from one to another region is considered as an edge. We used the shortest pathlength as a measure to understand the nature of the underlying networks. We then assessed the difference in the synchronized network organization for correctly recognized and incorrectly recognized trials across different frequencies. ( 
Parcellation Approach
The goal of our study was to test the hypothesis of the participation of synchronized fronto-parietal neural network in the processing of emotional face stimuli. To this end, we investigated the differential involvement of the functional connections for correctly or incorrectly recognition of emotions in face stimuli. To avoid the problem of multiple comparisons, we performed parcellation of the brain followed by the cluster-basedpermutation across different frequencies (Benjamini and Yekutieli 2001; for the correction of type I errors.
Cluster based permutation across frequencies revealed a significant difference between correct and incorrect recognition of emotions in face stimuli at 35 Hz (Fig. 3 A) ii), for the absolute imaginary part of the coherence (parcel I and IV: p (11)=0.01, t=4.41). The difference between correctly and incorrectly recognized trials was not significant in other frequency bands. To assess the direction of the information flow in the right hemisphere, we computed the phase slope index for the connections crossing the frontal and parietal parcels and found a significant difference between correctly recognized and incorrectly recognized trials. A significant positive difference between correctly recognized and incorrectly recognized trials of PSI values was found for the right frontal and parietal parcels (parcel I and IV: p(11)=0.01, t=2.87) in the gamma band (35 Hz). Positive PSI values suggest the flow of information from frontal regions to parietal regions. To clarify whether the directed interaction originates from recognized or incorrectly recognized trials, PSI was compared against zero. While the PSI for incorrectly recognized trials (p(11)=0.54, t= 0.63) did not differ from zero, it was significantly different (p(11)=0.04, t= 2.25) for recognized trials at 35 Hz (Fig. 3 A) . Further analysis using the parcellation approach demonstrated that the right parietal parcel revealed significantly more withinparcel connections in the recognized than in the incorrectly recognized condition at higher beta (29 Hz) and lower gamma frequencies (31 and 33 Hz). The right parietal cortex (parcel IV) was significantly active as found by the cumulative probability threshold (p(11)=0.02, t=3.6) (Fig. 3 B) . Furthermore, we investigated the contribution of interhemispheric connections for the perception of emotional stimuli. We found stronger connectivity for the incorrectly recognized than for the recognized trials between left frontal and right posterior cortex. The cumulative probability distribution in the gamma band (37 to 41 Hz) was found to be (t(11)=-3.54, p=0.02). (Fig. 3 C) . 
Post-hoc analysis using Graph Theoretical Measures
Brain networks can be mathematically represented as graphs consisting of a set of nodes (brain regions) and edges (functional or structural connections between brain regions).
The pairwise couplings are summarized in the form of a network connection matrix. The graph theoretical measure Cluster Coefficient reflects the local integration, and Shortest
Pathlength suggests the level of global integration within the network (Bullmore and Sporns 2009; Rubinov and Sporns 2010; Sporns 2010) . We estimated the shortest path using the Floyd-marshal algorithm (Floyd 1962) . We studied the network organization using the network-based statistics (NBS) toolbox (Zalesky and others 2010) . The posthoc analysis of the network organization at 35 Hz and estimation of shortest pathlength was conducted using the NBS toolbox for 10000 iterations (Fig. 4 A iii. Positive t-value indicates that the shortest pathlength is shorter for correct trials compare to incorrect trials, and negative t-value indicates that the shortest pathlength is shorter in the incorrect trials (p (11)=0.001, t=3.2) than in the correct trials. We also found significant difference in the correctly and incorrectly recognized trials in the right parietal hemisphere at the following frequencies: 29, 31 and 33 Hz. Thus, by studying perception of emotions near the perceptual threshold, we would be able to assess the network dynamics of correct and incorrect recognition of emotional stimuli. This interpretation is supported by our findings that do not show activation in the primary visual cortical areas when comparing between correct and incorrect trials.
We have particularly assessed the brain networks involved in top-down processing that is assumed to be maintained by reverberating long-range fronto-parietal network connections. Our results show that there are stronger fronto-parietal functional connections stimuli predominantly on the right hemisphere for correctly recognized emotional face expressions. In contrast, left hemispheric frontal influence on right parietal cortex appears to be detrimental for the analysis of the emotional valence of facial stimuli.
Parcellation Approach
From the literature (Cahill and others 2004; Canli and others 1998; Silberman and Weingartner 1986; Wager and others 2003) , we have the understanding that sensory areas closely interact with frontal as well as parietal areas when they are subjected to the processing of the emotional stimuli. The fronto-parietal interaction most likely involves an extended network spanning multiple regions in the prefrontal, frontal and parietal cortex rather than in the form of a point-to-point connection.
To test the participation of fronto-parietal network in the top-down processing of emotional stimuli, we have adopted an approach using cluster-based permutation of source level connectivity across different frequencies. We demonstrated, firstly, that the fronto-parietal network were significantly more functionally coupled in the gamma band during the recognition of emotional faces in contrast to incorrectly recognized emotional faces.
Secondly, using the phase-slope index, we could demonstrate that in these networks the direction of information flow is from right frontal regions towards the right parietal cortex (Adolphs 2002; 2003) . Thirdly, within-connections of the right posterior cortex were significantly stronger in high beta and low gamma frequency bands during correctly recognized as compared to incorrectly recognized emotional faces. Fourthly, we showed that there is higher connectivity for incorrectly recognized stimuli than for correctly recognized stimuli between left frontal and right parietal regions in the gamma frequency range.
Gamma Frequency Band
Fronto-parietal network differed between correctly recognized and incorrectly recognized emotional stimuli mainly in the gamma band. Gamma frequency activity in emotion perception has generally been related to bottom-up sensory processing (Li and Lu 2009; Müller and others 1999) . Synchronized neuronal firing in the high frequency range in the human cortex has been suggested to reflect the formation of Hebbian cell assemblies (Eckhorn and others 1990; Pulvermüller and others 1995; Singer and Gray 1995) , and
can be recorded with E/MEG in sensory processing. Gamma modulation has been reported to occur for the variation of features of the visual stimulus (Müller and others 1996; Müller and others 1997; Tallon-Baudry and others 1997; Tallon and others 1995) and during perception (Keil and others 1999a; Keil and others 1999b; Tallon-Baudry and others 1996; .
Previous studies have investigated oscillatory brain activity in emotion perception with stimuli well above the perceptual threshold. Thus the previously described gamma-band activity might be due to specific emotion processing, and also to low-level visual processing. In contrast to the previous studies, in our study we have stimulated the emotion networks near the perceptual threshold. By comparing correctly recognized and incorrectly recognized emotions we could rule out networks involved in low-level feature extraction and highlight the fronto-parietal top-down control networks oscillating in the gamma frequency range and thus interacting with bottom-up passage of information. The participation of the gamma frequency band is found to be significant in the right parietal cortex which is in line with findings attributing an important role of the right hemisphere in emotion processing (Balconi and Lucchiari 2008; Keil and others 2001; Müller and others 1999) . A negative contribution (stronger connectivity for incorrectly recognized stimuli)
from the left frontal cortex to parietal cortices was also observed. It seems very plausible that the functional coupling in the gamma band is a proxy for the correct perception of emotional faces in our experiment (Eckhorn, et al., 1990; Pulvermüller, et al., 1995; Singer and Gray, 1995) . We argue that the involvement of different networks from within and between hemispheres via gamma oscillations is the basis for the generation and propagation of reverberant self-amplifying fronto-parietal loops ( 
Phase Slope Index (PSI)
Using PSI, the direction of information flow from one region to another can be inferred 
Positive and Negative emotional faces
It has been documented in the literature that left hemisphere is involved in the processing of positive emotion processing and right hemisphere is responsible for the processing of the negative emotional valence (Aftanas and others 1998; Müller and others 1999; Tucker 1981; Tucker and Dawson 1984) . In our experiment, using a ViBM at the NPT, we did not find any significant difference in network oscillations for positive and negative faces.
Graph Theoretical Network Approach
For the past two decades, various graph theoretical measures had been extensively used to study structural and functional neural architecture of the brain. In our analysis shortest pathlength was differentially expressed in brain networks prevalent for correctly 
Conclusion and future direction
Studies on the processing of emotional stimuli have shown that in schizophrenia, there is a significant increase in the global pathlength compared to the healthy participants (Berkovitch and others 2018; Liu and others 2008). The perceptual threshold of the schizophrenic patient is elevated and thus affects the top-down control of emotional processing. It has been argued that the increase of the threshold for emotional processing makes these patients unable to perceive emotions correctly.
We suggest that the proposed research is highly important for answering fundamental questions about networks involved in conscious and non-conscious perception of the emotional faces, and thus provide the basis for novel treatments of neurologic and psychiatric disorders through electro/magnetic stimulation (Bejjani and others 1999; 
Summary
In our study, we found that in the gamma frequency band, the right fronto-parietal network, the parietal network, and the left frontal to right parietal functional connections are significantly coupled during the perception of the emotional stimuli at near perceptual threshold. This gives us the understanding that the perception of emotional face expression involves functional coupling between different areas and is mediated by phase-locked oscillatory activity in the gamma frequency band. Our results support the framework of the global neuronal workspace theory which suggests that directed frontoparietal connections set the coordinated interplay between bottom-up with top-down processing.
